Dyneins play a critical role in a wide variety of cellular functions such as the movement of organelles and numerous aspects of mitosis, making it central player in neocortical neurogenesis and migration. Recently, cytoplasmic dynein-1, heavy chain-1 (DYNC1H1) mutations have been found to cause a wide spectrum of brain cortical malformations. We report on the detailed neuropathological features of brain lesions from 2 fetuses aged 36 and 22 weeks of gestation (WG), respectively, carrying de novo DYNC1H1 mutations, p.Arg2720Lys and p.Val3951Ala and presenting the most severe phenotype reported to date. Analysis using the Dictyostelium discoideum dynein motor crystal structure showed that the mutations are both predicted to have deleterious consequences on the function of the motor domain. Both fetuses showed a similar macroscopic and histological brain malformative complex associating bilateral fronto-parietal polymicrogyria (PMG), dysgenesis of the corpus callosum and of the cortico-spinal tracts, along with brainstem and cerebellar abnormalities. Both exhibited extremely severe disrupted cortical lamination. Immunohistochemical studies provided the evidence for defects in cell proliferation and postmitotic neuroblast ability to exit from the subventricular zone resulting in a failure of radial migration toward the cortical plate, thus providing new insights for the understanding of the pathophysiology in these cortical malformations.
INTRODUCTION
The proper formation of the cerebral cortex is critical to higher cognitive function in humans and requires an extremely coordinated sequence of events that are schematically divided into 3 main stages: cell proliferation, neuronal migration, and postmigration maturation (1) . The importance of these orchestrated events is reflected by the wide range of disease phenotypes that result from their disruption, leading to microcephaly (MIM#251200), lissencephaly (MIM#607432), and/or polymicrogyria (PMG) (MIM#610031). Individuals with malformations of cortical development (MCD) most often display severe intellectual disability and intractable epilepsy. Recent developments of fetal brain imaging have contributed considerably to antenatal recognition of these severe malformations. Together with neuropathological studies, brain imaging allows for a re-evaluation and a better classification of these disorders (1) (2) (3) .
Recent advances in the identification of tubulins and motor proteins as disease-causing genes have provided new insights into mechanisms causing MCD. The MCD genes include intraneuronal expressed tubulin genes TUBA1A TUBA1A (MIM 602529), TUBB2B (MIM 612850), TUBB3 (MIM 602661), TUBA8 TUBA8 (MIM 605742), TUBB TUBB (MIM 191130), TUBG1 TUBG1 (MIM 191135), and genes encoding their motor protein partners (i.e. the kinesins KIF2A and KIF5C), and the heavy chain of dynein, DYNC1H1. Deleterious variants in these genes have been implicated in >60% of lissencephalies. Remarkably, mutations in DYNC1H1 and tubulin genes have been identified in complex cortical malformations that combine PMG and lissencephaly (usually recognized as heterogeneous disorders of cortical brain development) with distinct neuropathological and neuroimaging characteristics (4, 5) . Lissencephalies are generally monogenic disorders affecting neuronal migration during cerebral cortical development, whereas PMG has been associated with either genetic or environmental causes; it is considered as a MCD resulting from abnormal postmigration events (1) (2) (3) 6) .
Heterozygous mutations in DYNC1H1 DYNC1H1 were first identified as a cause of spinal muscular atrophy with lower extremity predominance (SMA-LED OMIM: 158600) (7) (8) (9) (10) (11) . Affected individuals present from birth or within the first 5 years of life with contractures of the ankles and knees and/or congenital hip dysplasia/dislocation, and maintain the same degree of disability in later life, suggesting a nonprogressive disorder (7) . More recently, DYNC1H1 mutations were identified in 16 living patients with MCD, intellectual disability, motor delay, and seizures with or without microcephaly. The mutations were found to cause a wide spectrum of brain dysgeneses ranging from laminar heterotopia or frontal PMG to agyria resembling classical lissencephaly but with a specific combination of features reminiscent of tubulinopathies (4, 12, 13) . At present, the neuropathological features, functional consequences of DYNC1H1 mutations in the brain, phenotype/ genotype correlations, as well as specific pathophysiological mechanisms have been not been extensively reported. Recent data on the crystal structure of dynein represent a major tool for predicting the consequences of each DYNC1H1 mutation on the stability of dynein, its motor activity and its interaction with microtubules (MTs), binding partners and major cargos (14) .
In the present study, we describe in detail the neuropathological hallmarks from 2 nonrelated fetuses harboring missense mutations in the DYNH1C1 DYNC1H1 gene and exhibiting the most severe antenatal form of the disease.
MATERIALS AND METHODS

Case 1
A 27-year-old woman, gravida I, para I, underwent ultrasonography at 29 weeks of gestation (WG), which revealed intra-uterine growth retardation, microcephaly (head circumference below the 3rd percentile) with gyral abnormalities and hypoplasia of the corpus callosum. The unrelated parents were healthy with no family history of neurological disease or intellectual disability. Fetal brain MRI carried out at 35 WG confirmed these abnormalities (Fig. 1) . Based on these findings and on the poor neurological outcome, a medical termination of the pregnancy was carried out at 36 WG, in accordance with French law. Chromosomal analysis performed on fetal blood cells after cordocentesis revealed a normal male karyotype, 46, XY.
Case 2
A 30-year-old woman, gravida III, para 0, underwent ultrasound examination at 21 WG, which revealed agenesis of the corpus callosum associated with migration abnormalities. Two previous medical pregnancy terminations had been performed after the discovery of similar lesions. The unrelated couple had no neurological or other pathological family history. In the third fetus, medical termination of the pregnancy was carried out at 22 WG. Chromosomal analysis revealed a normal female karyotype, 46, XX. The neuropathology of this second case was reported briefly as part of an article dedicated to mosaic germline mutations (13) . Extensive neuropathological findings are provided here.
Autopsy Procedures
In each case, a complete autopsy was performed with the informed consent of the parents in accordance with French law and following standardized protocols including X-rays, photographs, macroscopical, and microscopical examination of all viscera. Fetal biometric data were evaluated according to Guilhard-Costa et al (15) .
Neuropathological Evaluation
The brains were fixed in a 10% formalin-zinc buffer solution. Brain growth was evaluated according to the criteria of Guihard-Costa and Larroche (16) . Macroscopic evaluation of brain maturation, in particular gyration, was performed according to the atlas of Feess-Higgins and Larroche. Multiple sections, 7 mm thick, were obtained from paraffin-embedded tissues and stained with hematoxylin and eosin (H&E) and Cresyl violet stains. In the first case, Luxol fast blue-phloxin staining was also carried out, along with routine immunohistochemistry using antibodies directed against vimentin ( (17) . In the second case, only vimentin immunohistochemistry was performed. All immunostaining was compared to 1 age-matched control brain whose brain examination was totally normal.
Genetic Analyses
Fetal or adult genomic DNA was extracted from amniotic fluid cells, or from peripheral blood cells of both parents. For the first case, we performed trio-based targeted next generation sequencing using a customized panel of known genes associated with brain malformations (panel list available on request) using standard protocols developed at the Imagine Platform followed by pipeline analysis at the Paris Descartes University bioinformatics platform. Variants affecting coding regions and essential splice sites were analyzed and all variants with a frequency >1% according to genomic databases were excluded (dbSNP, 1000 Genomes, Exome variant server and local platform database). Different genetic models of inheritance (de novo, recessive, X-linked) were tested to perform familial analysis of the trio data. Final, relevant variants were confirmed by PCR and Sanger sequencing then tested for familial segregation using genomic DNA from the proband and both parents. In the second case, trio-based whole exome sequencing was performed; this allowed for the identification of a previously reported mutation (13) . Genetic analyses were subject to informed consent procedures and approved by the Institutional Review Boards at Necker Enfants Malades Hospital and Paris Descartes University.
3D Structural Analysis
Mutations in human dynein were mapped onto the Dictyostelium discoideum cytoplasmic dynein-1 crystal structure (PDB ID: 3VKG) (14) by comparing a protein sequence alignment of human cytoplasmic dynein-1 heavy chain (DYNC1H1) and D. discoideum cytoplasmic dynein-1 heavy chain.
Cell Culture
Amniocytes from fetus 1 and from 2 aged-matched controls were grown in CHANG Medium D with antibiotics at 37 C in humid air containing 5% CO 2 . For cell proliferation and mitosis studies, patient and control cells were plated at the same concentration 24 hours before fixation, whereas cells were fixed 48 hours after seeding for apoptosis and DNA double strand breaks studies.
Immunocytochemistry
Cells were then incubated with mouse monoclonal acetylated a-tubulin (1:1000, Sigma clone 6-11B-1), rabbit polyclonal pericentrin (1:1000, ab4448, Abcam, Cambridge, UK), rabbit monoclonal Ki67 Images were taken using Leica TCS SP8. At least 200 control and patient cells were analyzed per experiment. Three experiments were performed to evaluate the mitotic, proliferative, apoptotic, and DNA strand breaks index. The proliferative index was measured by calculating the ratio between the number of Ki67-positive cells and the total number of cells. Nonparametric t-tests were then performed. In the same way, the mitotic, apoptotic and DNA strand breaks indices were calculated using respectively pH-3-, cleaved caspase-3-and phospho-Histone H2A.X-positive cells.
RESULTS
DYNC1H1 Mutations
The first case was found to carry a novel de novo heterozygous missense substitution c.11852T > C (p.Val3951Ala) in the DYNC1H1 gene. In the second case, the germline mosaic mutation c.8159G > A (p.Arg2720Lys) was responsible for the recurrence of the 3 fetal cases and has been reported (13); only the last fetus underwent a complete autopsy including CNS analysis.
General Autopsy Findings
At autopsy, body weights and measurements as well as skeletal biometry and maturation were in accordance with gestational age in both cases, and macroscopic and microscopic examinations of all viscera did not reveal any abnormality.
Neuropathological Studies
In Case 1, the brain appeared particularly small, weighing 192 g ((3rd percentile, n ¼ 325.83 6 40.75 g at 36 WG, according to (16) ). The gyration was simplified, corresponding to a developmental age of 28 WG. Sylvian fissures were abnormally open. The brain surface was bilaterally micropolygyric, particularly involving the frontal and parietal lobes, and to a lesser extent the temporal lobes ( Fig. 2A) . Olfactory tracts were lacking. On serial coronal sections there was no ventricular dilatation and the corpus callosum was thin. The parietal lobes were markedly hypoplastic and showed micropolygyria (Fig. 2B) . Corticospinal tracts appeared to be hypoplastic in brainstem sections.
Histological examination of the cerebral hemispheres displayed severe cortical abnormalities consisting of unlayered PMG, forming a 2-layered cortex made up of a single band of immature neurons (Fig. 2C) , with multiple protrusions into layer I (Fig. 2D) . In the nonpolymicrogyric areas of the frontal, parietal and occipital areas, the cortical plate was dysplastic and organized in a microcolumnar pattern in which the neuronal density was drastically decreased, particularly in layers II and III (Fig. 2E, F) . The subventricular zone contained multiple nodular heterotopias (Fig. 2G) . The temporal cortex also appeared disorganized but the hippocampi were histologically normal. Lateral ganglionic eminences had almost disappeared. Basal ganglia were neither dysplastic nor hypoplastic, in contrast to the internal capsule, which was hypoplastic. Apart from corticospinal tract hypoplasia, no anomalies were observed in the mesencephalon, that is, pons and medulla (Fig. 2H) . No myelination defect could be observed at the infratentorial level, as compared with the control case. Ki67 immunolabeling of ganglionic eminences revealed no cycling cells in the patient, in contrast to the control case in which the proliferative index was considered to be 5% (Fig. 3A, B) . Nodular heterotopias were immunolabeled by none of the antibodies except for calretinin (Fig. 3C ), and were surrounded by very few MAP2-positive neurons (Fig.  3D ) and numerous GFAP-positive cells and fibers (Fig. 3E) . Numerous MAP2-positive neurons were arrested and haphazardly dispersed in the intermediate zone (Fig. 3F) . The micropolygyric and dysplastic microcolumnar cortical areas were markedly depleted of MAP2-positive neurons (Fig. 3G ) compared with the normal control brain (Fig. 3H) . Conversely, ARX-and calretinin-positive neurons were normally present both in the dysplastic and micropolygyric areas compared with the control brain (data not shown).
Case 2
The brain weighed 84 g (75th percentile for 22 WG, n ¼ 75.01 6 17.76 (16) ). External examination of the brain revealed a dimple-shaped Sylvian fissure, instead of being triangular-shaped at this developmental age. The brain surface was smooth with a diffuse and slightly grained pattern, and the cerebellum and brainstem were hypoplastic (Fig. 4A) . On the supratentorial median sagittal plane, the corpus callosum and cingulate gyrus were lacking in their posterior part, corresponding to posterior partial agenesis with Probst bundles (Fig. 4B) . As observed in Case 1, histological analysis revealed severe abnormalities of the cortical plate. No cortical lamination could be observed. There were diffusely immature neurons in the nonlayered cortical plate, which globally had a festoonedlike appearance (Fig. 4C) . The frontal and parietal lobes displayed PMG. In the intermediate zone, multiple heterotopias formed a thick band of immature neurons, either parallel to the cortical plate or radially oriented (Fig. 4C-E) . Vimentin immunohistochemistry revealed a poor and fragmented radial glial fiber network, which was absent in the band-like and columnar heterotopias, and haphazardly arranged around them (not shown). The internal capsule was hypoplastic and fragmented, made of small and aberrantly oriented fascicles. The corpus callosum was histologically identified in its anterior part and posteriorly replaced by Probst bundles. The anterior commissure was reduced to scarce small fascicles. The basal ganglia and thalami were dysmorphic, and the hippocampi were hypoplastic. At the infratentorial level, the corticospinal tracts were hypoplastic and disorganized. The cerebellar vermis had a simplified foliation and the dentate nuclei were fragmented and exceedingly convoluted for the age (Fig. 4F) ; Purkinje cell heterotopias were also noted in the cerebellar white matter (not shown).
Structural Analysis of Mutations in DYNC1H1
The Arg2720 residue (Case 2, R2800 in D. discoideum dynein-1) contacts a key catalytic residue (the Sensor-1 asparagine) in the AAA3 nucleotide binding site (Fig. 5A, B) . ATP binding to the adenosine triphosphatase (ATPase) domain 3 (AAA3) is thought to put dynein into an inhibited conformation (18) , while functional dynein requires ATP hydrolysis at this site. The sensor-1 residue is found in many AAA þ ATPases (19) and coordinates the water molecule that attacks the terminal phosphate of ATP. The mutation of Arg2720Lys mutation likely interferes with the normal function of the Sensor-1 by locking dynein in an inhibited conformation. By contrast, the Val3951 residue (Case 1) is buried in the core of part of the AAA5 domain (Fig. 5C ). In the Dictyostelium structure, this residue is also hydrophobic (isoleucine, rather than valine). The residue Val3951 is likely to form part of the hydrophobic core of this domain and is packed against other hydrophobic residues (Fig. 5C ).
Proliferation Studies in Amniocytes Harboring P.Val3951Ala DYNC1H1
In view of the cellular phenotypes associated with other microcephaly-causing genes (including multipolar spindle and supernumerary cilia, mitotic spindle and centrosome structures), fetal amniocytes of Case 1 carrying the p.Val3951Ala mutation were analyzed. Immunostaining experiments using acetylated a-tubulin, a component of the mitotic spindle, and the centriolar and pericentriolar marker pericentrin did not reveal any impact on mitotic spindle organization (Supplemen tary Data Fig. S1 ). Cell cycle progression was also studied as decreased proliferation may induce microcephaly. Staining of affected fetal and age-matched control cells with a nuclear marker (DAPI) and a static marker of proliferative activity (Ki67) did not reveal any significant alteration in proliferative index in >400 mutant and control cells in 3 independent experiments (Supplementary Data Fig. S2) . Similarly, by using a mitosis specific marker (phospho-Histone H3 [PH3]), the mitotic index was not significantly different ( Supplementary  Data Fig. S2 ). Final, by using 2 distinct markers for apoptosis, caspase-3 and phospho-Histone H2A.X, no differences were found between fetal and control amniocytes ( Supplementary  Data Fig. S3) . Consequently, the extreme microcephaly observed in the 2 affected fetuses is unlikely to be explained by a marked decrease of proliferation rate or by a mitotic arrest or delay or by increased apoptosis in amniocyte cultures.
DISCUSSION
DYNC1H1 encodes the heavy chain of cytoplasmic dynein-1, part of a large (%1.5 MDa) multi-subunit motor complex, a minus-end directed MT motor protein that mediates a wide range of functions including fast vesicular, macromolecular, virus transport, chromosome dynamics, mitotic spindle assembly and orientation, nucleokinesis, nuclear envelope breakdown, growth cone protrusion, axonogenesis, and cell migration (20) (21) (22) (23) . These functions are all associated with a single form of cytoplasmic dynein (dynein 1), which is ubiquitously expressed in animal cells (20) . It contains N terminal tail binding sites for other structural and regulatory components of the dynein complex and docking sites for cargoes and adaptors (24) , as well as a large C terminal motor domain containing 6 tandem ATPase units (AAA) arrayed in a heptameric ring and a stalk from which protrudes an MT-binding domain (25) . Interestingly, the 2 mutations reported here as well as 6 out of the 8 mutations previously reported in patients with MCD are located either in the stalk domain, in the AAA domains or in the linker region (4) .
Analysis using the D. discoideum dynein motor crystal structure shows that the mutations described here are located in the AAA3 (Arg2720) and AAA5 (Val3951) domains, respectively; both are predicted to have deleterious consequences on the function of the motor domain. The Arg2720 mutation located close to the Sensor-1 asparagine (18) most likely reduces hydrolysis at AAA3 and in turn inhibits dynein activity. The other mutation at Val3951, which is likely to form part of the hydrophobic core of this domain, could lead to a global destabilization of the protein. In addition, the substitution of a valine by an alanine, although predicted to be subtle, may destabilize the dynein molecule, leading to dynein breakdown by the proteasome. Remarkably, other previously reported DYNC1H1 mutations involved in MCD were either predicted to affect MT binding (p.Arg3384Pro) or were shown to induce a significant reduction in MT binding affinity (p.Lys3336Asn and p.Arg3384Gln) using in vitro experiments (4). Thus, although the severe fetal cases are associated with mutations that may involve MT binding, alternative pathophysiological mechanisms likely exist, in particular concerning the occurrence of microcephaly.
To the best of our knowledge, 3 reports on DYNC1H1 mutation identification described brain imaging abnormalities (4, 26, 27) . These anomalies encompassed a wide spectrum of cortical malformations including microcephaly, dysgenetic corpus callosum, dysmorphic basal ganglia, as well as brainstem hypoplasia. Some patients were reported to have a combination of agyria and PMG. Hertecant reported on a 1-year-old infant who on MRI had a malformative complex associating pachygyria and bilateral extensive fronto-parietal micropolygyria and nodular heterotopias with microcephaly, close to that observed in our 2 mutated fetuses (27) . Apart from the second fetus whose brain lesions were very briefly reported by Zillhardt et al (13) , the neuropathology remains unknown to date.
Both fetuses in the present study exhibited similar macroscopic and histological brain malformations consisting of extensive bilateral asymmetric fronto-parietal PMG, simplified gyral patterns, heterotopia, and dysgenesis of the corpus callosum, the internal capsule and cortico-spinal tracts, along with brainstem and cerebellar abnormalities. They exhibited extremely severely disrupted cortical lamination with unlayered PMG forming a roughly 2-layered cortex in the fetus aged 36 WG and unlayered PMG with a complete lack of lamination in the fetus aged 22 WG. The unlayered micropolygyric cortex displayed marked depletion in MAP2-positive neurons indicating a severe defect in radial migration; numerous MAP2-positive neurons were arrested in the intermediate zone. The presence of periventricular nodular heterotopias, which were identified in the 2 cases and were negative for the early marker of neuronal maturation MAP2 (28), strongly argues for postmitotic neuroblast inability to exit from the subventricular zone and to radially migrate normally toward the cortical plate. In addition, although ARX-and calretininpositive neurons were normally present both in the dysplastic and micropolygyric areas (similarly to the control brain), the ganglionic eminences, which are the main site of GABAergic interneuron production, were devoid of cycling cells. By contrast, in the control case, the proliferative index was evaluated at 5%. Thus, the mutant fetuses likely had a premature arrest of interneuron production, which normally lasts during the first months of postnatal life. These findings further reinforce the concept that DYNC1H1 mutations may also lead to reduced cell proliferation in other neuron production zones and affect tangential migration at later developmental stages, even though the radial migration defect predominates. However, data obtained from proliferative activity studies on fetal amniocytes carrying the p.Val3951Ala mutation did not reveal obvious proliferation abnormalities. Several factors may account for this discrepancy. First, the substitution Val-Ala is considered to be subtle, and may rather impact growth cone protrusion and/or cell migration without affecting mitotic activity. Second, although dynein is expressed in all cells including amniocytes, these cells could be less sensitive to the effects of mutation with apparently no major consequences on their proliferative activities, while neuron production could be severely impaired resulting in microcephaly. In mammalian germinal zones, stem cells divide according to symmetric or asymmetric modes depending on mitotic spindle orientation, the latter mode allowing for the generation of either intermediate progenitors or postmitotic neuroblasts, which subsequently migrate toward the cortical plate along radial glial fibers. Interestingly, during mitosis, an evolutionary conserved complex named LGN complex, composed of heterotrimeric Ga, LGN and nuclear and mitotic apparatus (NuMA), directs the recruitment of the minus-end-directed MT motor dynein. The proper movement of anchored dynein along astral MTs generates pulling forces on the spindle poles, leading to adequate positioning of the spindle. A defect in the structure or in the stability of DYNC1H1 could lead to impaired spindle positioning and generation of postmitotic neurons; this could at least partly explain the development of microcephaly, although it remains to be demonstrated in humans (22, 23) .
PMG is an MCD characterized by abnormal lamination with fusion of the molecular layer leading to abnormal folding or festooning of the cortical plate (6); the pathophysiological mechanisms and timing of PMG development remain unclear (29) . PMG is causally heterogeneous and may result either from injury or from a genetic developmental disorder that occurs between 16 and 24 WG. Whatever the gene involved, PMG is most often associated with other brain developmental anomalies, particularly nodular heterotopias and excessive scattered neurons in the underlying white matter, agenesis of corpus callosum and brainstem and/or cerebellar abnormalities. The GPR56 gene was the first to be identified as causing PMG, providing evidence that genes responsible for various bilateral subtypes act during neuronal proliferation and migration stages (30) . More recently, PMG has also been related to several other genes implicated in the regulation of the cytoskeleton, notably TUBB2B, TUBB3, and TUBA8. Mutations in these genes are responsible for variably severe associated brain lesions involving olfactory tracts, internal capsule and pyramidal tract hypoplasia together with corpus callosum agenesis or hypoplasia, resulting in neuritic outgrowth, axonal guidance and path finding defects, similar to what we observed in the DYNC1H1 mutated fetuses. It is also worth noting that mutations in genes controlling neuron production in the neuroepithelium, in particular PAX6 and TBR2, may also cause PMG (31) . Interestingly, the first fetus had microcephaly with PMG and in the nonpolymicrogyric areas of the frontal, parietal and occipital regions, the cortical plate displayed a dysplastic microcolumnar pattern with markedly decreased neuronal density, particularly in layers II and III, as observed though focally in cortical dysplasia type I (32). This is highly suggestive of a defect in production/migration of postmitotic neuroblasts that normally give rise to projection and association neurons. An abnormal cortical plate together with heterotopias point to the fact that impaired proliferation and/or migration from the ventricular zone represent major mechanisms underlying DYNC1H1-related PMG.
In terms of molecular mechanisms, Dync1h1 interacts with 3 ubiquitous regulators: Pafah1b1 (Lis1), nuclear distribution E (Nde1) and the dynactin complex. Nde1 colocalizes with c-tubulin at the centrosome and on the mitotic spindle during mitosis. This latter protein is encoded by the Tubg1 gene, the mutations of which are also responsible for microcephaly and PMG (4). In mice, Lis1 and Ndel1 colocalize predominantly at the centrosome in early neuroblasts and redistribute to axons in association with retrograde dynein motor proteins, Ndel1 and Lis1 regulating the distribution of Dync1h1 along MTs, thus establishing a direct functional link between Lis1, Ndel1 and MT motors during neuronal migration and axonal retrograde transport in the mammalian brain (33) . Despite these known interactions, the lesions observed in the fetuses described here did not resemble classical type I lissencephaly due to LIS1 mutations (LIS1, MIM#607432); in that condition, the cortical plate consists of a thick 4-layered cortex, with or without cerebellar hypoplasia and mild microcephaly developing from birth. LIS1 mutation patients present with neither microhydranencephaly with lissencephaly, nor microlissencephaly (<10 SD), the key features due to mutations in the NDE1 gene (LIS4, MIM#614019) (34) . Thus, DYNC1H1 mutation cases are distinguishable from the other 3 conditions.
Missense DYNC1H1 mutations have previously been shown to be responsible for dominant peripheral neuropathy (SMA-LED) and an axonal form of Charcot Marie-Tooth disease (CMT2) (9, 11, (35) (36) (37) . These 2 conditions are usually distinct, although co-occurrence of SMA-LED and MCD has been described in a minority of cases (11, 36) . Heterozygous missense DYNC1H1 mutations in living patients have also recently been reported as a major MCD gene, with a broad range of phenotypes extending from lissencephaly to isolated frontal PMG (4, 26) . In neither of the 2 fetal cases were signs of fetal hypomotility nor distal arthrogryposis revealed by antenatal ultrasound, which would have suggested associated lesions of the peripheral nerves. It should be kept in mind, however, that neither motoneuron diseases nor peripheral neuropathies may be diagnosed by neuropathological examination before birth.
In conclusion, our findings confirm that heterozygous missense DYNC1H1 mutations can lead to a wide range of cortical defects that may be identified prenatally by microcephaly and PMG at the most severe end of the spectrum. Our study also provides additional information on the neuropathological characteristics of MCD due to DYNH1C1 mutations, along with predictions of the effect of mutations on the structure of the protein.
